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THE UTILIZATION OF SOLAR THER!t4L SOURCES
FOR THERHOCHEI;lCAL HYDROGEN PRODUCTIO!I

Melvln G. ~owm~n
Los Alamo5 Scientific L!lboratory

Los Alamos, IIM87545

ABSTRACT

The utlllzatlon of high tcnpcraturc solar
heat for the production of clectriclLydnct/or
fuels is a popular concrptm ilowcvcr, sincti
S@lar concentrator SyStcmS flrcCXpUIISfVC dnd
solar radiaticm intermittent, pr~ctical utili-
zation ruquircs proccs~cs t!latexhibit hiqh
conversion efficiencies and al~o incurpuratc
energy stornge. The production of hydroqen
fulfills the requircrncnt frJrcn~rgy storage
and can fulfill the rcquircm~l:t iur cffi~ient
heat utilization if t.hcrmochcmlcdl cyclcq Jrr?
devclopcrl where thu I(:;llpnr,lt,ur(?dnd Iledt ro-
qulremcnts of the i)roc(?$~;Indtch the hr:,~t dlJ-
l{v~ry Char,lctcrlc.ti,:s of th(?‘,ol,lrrcccivor

~Y~tcl!l. ~yt.lrc fi:<r.il I)n ,,01 id ‘;111f,~f (? dr_Jcml-

pu~i~iull(cui.~’I(,,”t;~;~j‘ It...-..(:,,4,.,,),..,:(..“ ,.,-,..,.
utilization or l;olllrIll?nl,lt,pr,l~ticllltv:n-
prraturcs, Iliqh(!rtcmpl!rllturccycl(,s invol-
ving oxldr ucconlpo~ition mdy ,ll~o I)ccomu
feasible,

1, INTRODUCTION

The utilil,ltion of solilr rnllrg,yfor t.h(’pro-
duction of flll!lsJnd ~h(wli(illt1> ,1I)OI)IIIIIr
concept thlltJpp(wrs 10 Iu?,It.tr,l(’f111”1!111 inc-

reasing (Coll!ltlil.llt’llr:yif,lJrLoinly lb{’(nn -
ccpt mrrll:t IJI~’l OdIi I;l)ll’lill(’rlll,lof)d~’.pil(’
tho foct.lhdl ‘1oI,II’(:(1111.IIII!I”,IIOI”‘,y’.t[wh drv
cnpcnsivc ,11111:lI)llIr hIII1. In!(’rmitttnl , lt
must i)rrwnqlll~d, lMwIIv(Ir,I.hiltllluprll(-
tlcol utili; ill.ion of IliLJlllIWpIII’l)f UII ‘Iulllr
heat Will !“(’(11111’1’‘.y’;l(’ltl’,,ltl(l 1)1”01,1’,’,117 !II,I(
Cxtlltzit hiqh rl)llvl!r’,inn (1111(Irll(; l[”, ,In(l III!IL
al%n lncnrljorllll”rNtIr(IIJ,.[,r):’til(~,;illl:rtly -

droqrn fulfillI, thv IQIII:II IIOII’111111, (m PIIIIr IIV

;torego, i% i15Plf (In llttl(l(.tlvl~ lrlllJ’lport -
(llrlc fll(ll ,Ill(i tc, IIIP “pr’illh. it]tt.:r,lll~lli,ll,lj” It!
the pru(iu(liun of’mIrl,Y(ul’i’iJIMI chIv:Ii(,IIIt,
siqnlfil.ilntrllort I.hollldl)!!dirV(,lIIll1{)Ihi!
dcvclopmmt :)!Il,y!lroqt’11prol!tl(:l1011Ilrl)(1$’.”!1”!
that lnll’rllll~! wilh hiqh lIIIIIIIIrlI1.IItII.oldr
systems t:)givu t~rfit.illlt ml. IIt. ;li :.11.1011,

for uttlizlng primary heat sources to decom-
pusc w~ter arc the ol),jcc:ivcsof cooperative
research and drvclupment progt-timsunder the
International L’ncrgy Agency, The electrolysis
of water is well known and two of the I,E.A.
programs are dircctcd toward the development
of more efflcicnt and less costly clectrol-
yfis proccsscs. One program Is concerned
with improving the electrolysis of acidic ~nd
basic SOIUtiOnS dt relatively low tcmpcrJLurcs,
lhc second is concerned with ti)chigh tcmpcra-
turc clcctrolysls of st~am where siahilizcd
zirconi~ series as a solid elcctrrzlyLe (1),
Ilowpvcr, efficiencies for clc-lralytlc hydro-
gen production will hr? limitrd Ly efficiencies
for praduzing c:lnctric!t;~?od it ~q ,:lf~,lr
that.drtapllltionof Pxlstinq pnwrr prn(l’lctlon
methods to 701ilr hfwt.sour-cc:,will give low
cfriricnccsm Thcroforc, t.hcdcvclopumnt or
more cfficir?nt, hiqh technology proccf<cs for
efftclcnt power prodllcLion will I)rrIccc5sJry
before clectroly’,i~ c,in br!coupled to sol~r
hc~t $Wrcc$ illJ Wllstfc w,iy.

011(’of I.hcimpnrt(ln! I,f,Am pro!lrnmt for
hy,lro!)rnpru,luctlol)is Loncornccl with coupling
Ltlorlllncll(!lllt(:jlldnd hyl)rid tllryrlllo~tl(llllic,ll
w{ltcr IIplIt.t.inqCYC1OI; to pr!mllry lIrlIl,\nurcu2.
Tll”, I,I”,A,,Ictivtly rrflr~t’, the wldc r;!cnq-
nittllllttmt tllr’rlll[)(:ll(lllliclllcy( 1115offer t,hrI
IJIWIIi:.1~OF hi!jh ttrrlci~yll,;yror I,IIIPuLtliz,\tiOt~
nf hiqll t(’lilpl!r,ltllrl! proll?r,t Il[ldt to Jrcompot(!
W(lt,flr , Il. t’, ,11’io Illlllnl’t.,1111 10 11(1~,~ thil L Lb{!
,1(’\Pl 01)111(>111 of Itll!r’lllo(:l)l,nli(:tll(:y(”IO!i ‘i~)l!(’i f I -
CJIIY lor IlOllIr IIIWI, ‘io\ll’C[”i IItl’t Ilf![!ll i(l Ull -
ttll[~Il rIIL(IIII. lY ,1!, 01111or h ,IIVU15 rOrM)Ol)-
pl~,l[.{oilIlr](lprI,IIPI,1:,A, ,Igr IIPIIII!nt 011 llYdI’oqvII
pl’odllcI.ioll, lhIII, , It iI, r(!,~l Itfwl thlit I,hr
f.tl,lt”,l(:l,l,rl~,ti(:~,01’ lhIIhollt.dIIlIvl*rywill
III! I [lrmln(~ I hc r.r{ l,(~ri,1 rpqul I’1*(1 I t t.lw procl~~,j

l’, to (nll~lll! 1$111(.lllllt,lywith ttlv!,ol,lrrI)Il-
(’1,1111”,1101’,1111~l)lirl)l),l~ of ttlt$ 11,11)1’1” i\ 1,0
11011III! !h,! “iflII,Il (Irltriri,l,”to ri(l%(.rii)u
VIIIid (y{ Ill”,dI~vIIltIpI\I!I)VtIr tllo yp,lri {n I.(!rm,,

of thP rrlll’t”iil ,111111(1 Ilx(llllillu (;yl”l,!** hvillq
(:oll’lilllil’l~ll to)” {Ill,ll)!ill, il)ll 10 tll(~tl lonlp[~rtll(lru

:,ol,Ir lIIIA1.



-. . ‘ 2. CRITERIA FOR ICEl\L CYCLES

One method fordeflning thermodynamic criteria
,-. “ for efficient cycles, in temls of “ideal”

enthalpies and entropies hdS bctw presented
several times. It Is presented again here as
background for the sclertion of thermoche-
mical cycles ‘w solar heat sources.

,consider a two-step (single tmrpcrature cycle)
process in which a reactant (R) reduces water
at a low temperature (T ) to evolve h.ydrogcn

dand form the compound R (R nay also be an
oxide), followed by thcrnlaldecomposition of
RO athigh temperature (T ) with tnc evolution
of oxygen. ?The reaction can be written as:

.....

R+H20-,RO+t12atT1

RO+R+ l/202atT2

If;,n ideal cycle is considered to be one in
which AG” = O for all reuctions, and if one
utilizes the approximation

“1

“!deal’’valuesfor entropies imd heats of for-
mation of the compound 1/0arc opprcximatcly
dcflncd Ilythe cxprcssioIIs:

“ideal”

“ideal”

A~;(1120)
q! “ —---

(T2 - T])

I@ L’,\SO x T2

where AGOr (IIO) is ttm frrc mcrgyof for-
4matlon ofwat~r nt T, (the low tonwrraturc).

To illust.ratm.ifwc Jssuns:T, 4C0 K

‘? 4$! (No) -P!tl:(Ho)
. - —-’...... -------- . . . . .. .. . . . -

1200 zflo JI:-l 336 kJ
lWO ?04 .3(M
2(MI 1*IO 21UI
?!)~t~ 1(J7 ml

reactions cannot be expected to occur ata rea-
sonable rate unless the free energy change Is
significantly negative. Thus, low temperature
reactions must be more exothermic than inai-
catcd and, consequently, the high twerature
reactions will be more endothermic.

3. OVERVIEliOF CYCLE DEVELOPMENT

Durir,lthe past few years, thcmmchemical hy-
drogen production has been a popular topic
and literally hundreds cf cycles have been
proposed and published. Unfortunately many
of the proposed cycles are not thermochemi-
cally valid and a large fraction of those
based on sound thernmcheristry have been found
to exhibit slow wactions. Thus, it is not
surprising that mcst of tlv!cycles given
serious developm-nt.alefforts were not origi-
nally identified by application of the
criteria described above. Hawever, the cri-
teria can I?cused to determine whether cycles
that Ilavebeen demonstrated experinm?ntnllyare
suitable for adaptation tu solar heat sources.

3.1 Halide hydrolysis cycles

For several years most of the process develop-
ment cffnrt on thcrmmchcmical CYCICS was de-
voted to the iron chloride cycle. ScvcraI
different l~borat~rics appmlrr?dto claim
origin of the cyclr. T;lc Ir,stitutcof Glls
Tcchnelogy \’CWiO!! Ci ~!lC CJ’CIC m!,’; !:s c!2-
scrihcd by the f{lllwillgc(luatiolls(2).

3hc12 +41120 “rc304 + 6}’C’ + ‘2 [1]

Fe304 + &WCl *2f’cC13+ FcC12 + 411# [2]

7r0c13 . 2F(?C12+ C12

C12+ 1120.21iCl+ 1/?02

[J]

[4]

Alt.IqrntIiI*vIIrI.iIIn5of 100 irml chloridl~IYI.l IS

wl”l”l’ prlmlloll ,11. Ilif”rl’!”l’llt Itll)[)t’ll ll)t”ll”l Ilnd
ol}l,ll~ I,y[ 1,19; Il,vqlvillll 11,11 11111 hydl”{lly%l%

1“011(lion, Wllrl, llxl}l~l’1 11~’111,,11Iv lll~nnlll l.lt”llll~il.
sum! of 1111’(,~1.11%llvoldl’d11,11’101”tht’
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‘difficultieslisted for the iron chloride,.
,cycle, but none approximate the criteria
;needed for high efficiency and nom? appear to

“- be attractive for use with a solar hcaL source.
Of course, new halide cycles that incorporate
‘practical solutions to the above problems
,might still be developed.

,3.2 Oxide-Sulfate Cycles

‘These cycles were developed from attempts at
LASL to use the criteria described above to
identify cycles with a minimum number of re~-
tion steps and maximum tcmpcrdtures below
1300 K. Since :,SOvalues for decomposition
reactions in rease with the number of gaseous.
molecules evolved, studies were dircctcd to-
ward CYCICS invo!ving the dcmmposition of
sulfutes (3). The concept can be illustrated
by the following equations:

MO+ S02., MS03 [5]

MS03 + H20~MS04 + H2 [6]

MS04-* M!l+ S02 + 0.5 02 [7]

;~;;j~g;j5,nd6reprcsel)& lowtcmpcrat,m
. The typical ,’,S of the ovorall

sulfate dccoyposition, rc~ction 7, is
-275-2YOJK 1, This !ugqusts the possibility

of 1 two stl!p cycle wilh JI1 “ideal” tclli!~ora-
turc diffurcnw of NOU” Imlwwn low and Iliqh

tcni)craturI! r(!llctions (\(!I: TtdJl~:i). Uf
course, largur tump[!rdiurc dit!f:rcncos would
be necessary. It should ho Holoci thdt rudc-
tions 5 and 6 tionot rcl]r~?sulltcqui]ibt-ium.
However, must sulfilrt form anti dPCOIIIIIOSP
without cvid(vIcI! of’ thl’ uquili!)rium rC!tlC-
tions. lhc!r(!forr, WII w{II.(! cncourd!l(!(i to
attcml)t tU lJrolIl(JIC rp,lil ion b in InllI;y Jif -
fercnt sulfdtu Sj’ll.mI,r[ll]l-i’wlllinqd wide
range of stllhilltv. LhIr r(!’)u!tshdvu ncvur
Included $i!luil’ic,lntlI,YIlro{,y?IIyiellls. In
rnnst casrs, tile(Iquilillrimnrlwctirms (sul-
fur or sulfid[~ forumtiol])w~Ire dlso not ob-
scrvcti.

;As a vorintion of :+ulf,ll.(’ C.YCII’S we OISU
studied cycl(!!, I)J%(I14 (III III(’ formation ,In,,iI

‘ dcwq)ositi(m of I,ul~IIIic n(.i(l. !,I~vrrnl
reactions 1(I form !iullurir dri(i =dIluli(NI{i

‘ were I)l{)motv(l s,II~:(:I!’,\~IIllI/, $ll[. h Cy(:l (!”, ,11’[!

,
,
I
I
1
I
1

I
,
I

curr(!~tly r(!(:(Iivi II~I thf I IhI,Ior frdc~ioft of
t,hcworldw ido dvv(’luluImnl,l’1’fortcomnltl.c[i
to ttlcrllm)cllf’lllicalhydroIII III l~roc[!’is(’s, II.

ShOUld b(’I1oL[?(IIt!,lt(.)1{’OVI’1’(1]I dl!(:uIllP()\i-
tion of suliurir ,Icid illclulima WI IItiOIl
conccntrnti(m Iit,(y I, aII II VdIIOr{I1.i OII :ltlIIp to
form 117S0 (1,1), J (ii’[:ll:’ll lo\ll,il)ll ~ill!il L() fornl
II O(g) ‘plfis!d),i(q)dll’1thII(l(~l:oltll)():,iti()tlof
St” to for:ll !d)glllll’s(l l!) 0?,. Sill(:(! tlonlfJtl-
(Vlt?OUS [i!!Col’11)(),i~i(Jll l’1’d~tioll’, I)(:(:UI’ (I VI!I’
Sigllifil:(lllt I’llllill”i (JI Il!lllll!t’tll,l ll.(!, ttlll [lvl!r -

all Prucv’t’, ,111111111. hlIiIf, (Iv{!)’ ,1 Wi(l(l tlwll)l~r,l-

turU r;ll)l,l(’ wil,~l I,hl’ 111,’Alhl!illl [lllll~lI~lmLllll)’[l lh’-
p(?lnll!nl, 011 1.111’1)1’(1’!’!111’1’Ill llu~ t,,y’, !.1%1, 1[,
s}l~ul(j ,11!, () Illt 111)1,(1[1Illilt 1.11(’’,1! lll’[)(.[, ”.’.l”i

yield the acid in aqueous solution and signif-
icant energy is required to concentrate the
acid prior to the decomposition step. Thus ,
sulfuric acid cycles are compatible with the
heat delivery characteristics of gas-cooled
reactr,~s. However, if sulfuric acid cycles
are coupled to solar heat sources, the unique
features of such I,eat sourcus (hiqher tempera-
tures and the availability of is~thermal heat)
will be compromised and potential higher
efficiencies may be sacrificed. One possible
method for utilizing the unique heat delivery
characteristics of solar systems and also
minimizing low temperature heat requirements
for sulfuric acid systems involves reacting
the sulfuric acid solution with a ,,.+taloxide
to form an insoluble sulfate. For highest ef-
ficiencies, tie metal sulfate should be insolu-
ble, should not form a hydrate and should not
require excessive I,eat for its decomposition
(i.e., should decompose near the SO decorrlpo-
sition temperature). JThe LASL bism th oxysul-
fate cycle is an example of the applic~tion
of the concept to the hybrid sulfuric acid
cycle. It may bc described by the reactions:

’02 + 2H20”’112s04 + ‘2 [8]

ti2s04 + ~i202s04 Eoi20(S04)2 + HZ(I [9]

Bi20(S04)2-~Bi202S04+ S02 + 0.502 [lo]

Roacticm 8 rrprcscnts the electrochemical reac-
ticn tc form dil’~tc s’:!f’uvicacid end hycl-o-
qen. ReacLion 10 is an endothcrr,licreaction
wittlAGo neat-zero at 1050 K and a heat rc-
quircnn?nt of ahciut 270 kJ for efich nrolr of
SO produced, It should be apparent thiit thn

zhc(t requirmwt for reaction 10 is much
lower than that. rrqllirccifor Lhc high t.cn~]rra-
twr(?st.cpor ~ two Stcll cycle. Gf course,
the ddciitionol uIlcrqy nccdcd is part uf the
large onorgy rcquirdmcnt for tileoverall pro-
cc~s of forming sulfuric acid and cvolvinq
hyclrqw!~ whzthvr it is via 011 clcctrochcmical
step or whcth[!r it include; ~ sub-cycic to
form and deconqwsc a hydrogun h~liciv. Un-
fortunotcly, the cnnrrjy involved in forminq
zulfurlc Jcicl i: hiql’f:rthirnlirzirccidnd um!
in’!’ort,ll,t drr!a l’or furth~!r r[!s.ciirch is the
d(!vclopnwnt of nlc~.hods to Ininimizo this
cnrrgy rcquirvnwlll.

It scwns pr,dhll)lrthat hiwr,dl,hmny nnt. prove
to IN!the hcst calI.iiddtrIfor ~ulfn’o cyclPI;.
In iI(~r!itioll to t,tlc T,lct thfit Ili’!liluttl is qllilc

uxpcnsiv(!, thvrl’ ir, tM po~sillilil,y t.hdt a
IIK,I’P $tablr’! sulfate will 1)(’ Iwl,l(ir suitvd to
t-v(iucing th(! unf!rqy Iv!(IIIi I.o(i for sonnl over -
flll ~11’[)CUSs to form (Illllt[! ‘,lllfU1.iC il(.i(l illld

ovolvt! ilydrolj~’11.lIII! (!iinliil,~lion of ~;ulful.lc
fi(’i(f IIS dl) illt(trll~(liilfl~ llli(Jll L II() !iIlffi(,l,llfIV
,Idvdnt.,lqwmsto ,!uqt. i!y III;(I of Ilmru sLII)IP
!Iulr,lt.l)q ttl,lt, I’(!quit’l!Isolh!$rllllll tl(!llt (It.

tltllll)l~t,l t,lll’1~< JIl,,ll’ till’ I)rdctirdl Inllxillvlnl Il)r
:,ol,lr (,( Inco II f,r, Il or I; 17c,I(wIF,. IIIII!, , Collt i fill illlj
1“[’S!’911’(”11{)1) SII1 fill,!) +y’,[[~lll!, i~ ~ I),lrt of tllI!
1.A51.I)rt)lll’ilm,



4. HIGH TEMPERATURE CYCLES

The high stagnation tcnperatures quoted for
solar furnaces appear to be the basis f~r
sonE of the very high tr?mpcraturc water s~lit-
ting CYCICS that have been proposed. For ex-
anple the decomposition of t120(g) has been
proposed many tires even thnugh it is clear
that the low entropy change JssociaLdd with
this homogeneous decomposition reaction im-
plies a low reaction yield even for the
maximum credible temperature Iistcd for a
practical solar heat source. This was recog-
nized by Fletcher and llof?n(4) who proposed
operation at low pressures to enhance reac-
tion yields. They also recognized the neces-
sity of separatirlg Lhe hydrogen and Oxyqen at
temperature in order to avoid the extremely
rapid back reaction as the gases are cooled
and proposed a separation based on the dif-
ferences in effusion rates through a ceramic
membrane or gauze. However, for temperature
limitations imposed by materi~ls proncrties
as well as radiation losses, decomposition
yields remain low (even for the proposed low
pressures) and realistic assessments indicate
efficiencies for heat Iltilization are too low
for practicality.

The dir..ct thermal decomposition of carbon
dioxide se(:ms to of~tr advantages over water
decomposition fcr a high temperature procos!
sfnce, at temperatures above 1100 K, clcconl-
positioll yields C17 ~i~;niflc~n~ly hi@lcr.
lne dry gases coulc lx;quencnl’a to lowl~r
temperatures by Im2ansof d noz?lc expansion
without excessive h~ck rr?actic’n. Ilc)wevcr,
in order for this process Lo be or vdlue, a
practical low t.cl)lper{lturcInctlod fur sopJra-
ting carbon nmnoxidp from oxyqr!n JIILIfor-sf!lNI-

‘ rating cdrbon dioxid~ rrom tlyl!rl)~(!ll would
be required. Furttlrr, ii would tw m?(;cs~(lry

to dry tk! cdrb~fl dioxilk! lJ12f01-(? CCICh h~(jh

tempcratut-c Ltull $iIIct!Lrac(!suf wdlur gr(?dt-
‘ ly accclc~{ltt!111(:oxvl)(’n-c~lrl~onmonoxide
! reaction at high tcnl)craluro,

~ In sunmry, it srcms prolhlhl[!that i.tlcprolJ-
~ lcms Ossncidlcd with lh~’dir(?ct d(’cowpo’;ition
~ cycles art!,dfldwill ctmtll’uc to INI. :0ru
C!ifflcull th,l!lprr)l)ll.111’;,lr.”;[JUiilt.Vliwith in-
cluding odcllLi~u~,llrl!,lctionsin LYLI[’S tlmt

i pcrmi t 10IVP,tlW[!l’dtlll’{!Olll!l”ilLiOlldIlrlStill
I yield lliqtl~fficl,!l~f,i{”!.if thr idri!lCYCIP
~ critcrio cat)1)1!,ll~l)rtlxilllllll~d,
,

~ 4.1 Oxi[ic IJuconllmsitionCv(i{’-t

I A two-stop irotluxiIIII w.llor spIiti,inq I:YCIII
i has been I~roIMJ50dSI’VI’rtIlt imv~ for UI:IIwith
i high twnprrnl.urr sul,lr 1111,11,. lh(! (yl:ll’
~ may 1)(’lil’~,c.ril)(’dI)y IIN’ following rl~act,iulls:

I 3r00 + 1120 “ !11304

o
I ‘“VI%

~ 31”L4 ‘ 0,!; 02

[11]

[12]

Reaction 11 is a known reaction. Reaction 12
(if written as a solid decomposition) exhibits
one of the largest entropy changes known for
this type of reaction. However, as Tofighi
and colleagues found (5), Fe O melts hefore

! t“it decomposes and oxygen cvo u Ion occurs
over a relatively narrow liquid homogeneity
range at 2150 K. This is unfortunate, per-
haps, since Suitdble candidates for this type
of cycle have not been identified. Indeed, at
the present tinw, attractive multi-step cycles
that include a solid-solid oxide decomposition
step have not been developed.

A second type of two-step, oxide cycle includes
a solid decomposition reaction to form two
gaseous products rather than a concfensed phase
and gaseous oxygen. The extra gaseocs r)roduct
increases the decomposition entropy and this
implies a lower temperature process. The con-
cept car?be illustrated by the following equa-
tions for a cadmium ox~dc cycie:

Cd + H20-. Cdo + H2 [13]

CdO(c)+ Cd(g) + 0.5 02 [14]

This cycle Ilasbeen proposed several tires
(and even patented) despite the fact that,
for published thermochemical data, reaction 13
should not bc expected and, in fact, dots llGt
occur. However, in 1976 Pangl’orn (6) of IGT
described tIIlelectrochemical method for pro-
Itiotingtl;c)ud~ti~ll, Ttle f:l lposud LyLld WIJ>
not develo;;r!d Into an acLudl process SINCC
pro.iccted gns cooled rcactor~ (the “targpt”
huat sour~cs at thot tinKI)wore nut suit~blc
for thn high tcmppraturc isathernlal ~!,pp, ~v(!n
for the lower ~dO (Jcconll)ositionL.cmpcrtlLurus
sonut,i:nc:,rcp[lrtcd. The cyclr is now rl:c~~iv-
inq rcnwcd ,1.,!,~ntionat IhT for
zolar heat sour:,c.

At I,ASI.,a “purL” thermochrmic,ll
dcr study that 01,0 incoIyIorat[!s
por,ition of c~dmium IJYI,0 (7).
dcscribcd by the follo,,illgrmct

cd + }120 + C02 ‘ Cdloo + 112

cllco3 ~ C(1O+ C02

c~o‘Cd(g)+ 1/2 02

USC with d

Cy(’lc is ull-
ltlt’ dPc(lm-

t 11’dy 1)(!
011s :

[15]

[lb]

[17]

Cd(g) ~ Cd(r) ~!cd((j [1,)]

f?rnction 15 to form t-hec~rllol~at(?dws t.,lko
place, I)ut 111(!yirld is linlitf!dII,Ythv form-
ation uf a prIlt.Pctivolayer of Icarl]ontll(lUII
thu cadmium IIIIIL,II. ll(!wrvI\r, ~,11(.,.)llr,l~lil)(l I’r, -
Sul Ls have IM*PII ,l(:lli IIvI!d i~l rr,I(:l. iuH$ WlIIII’I
YJll Cl iS U’,(!(I il< O (:,ll,llylt fol” 111(1 r(~,l(’tiull.
Tt~~U,Idmi UIII LIVi II(! 1),11,11,1CyCIOS offpr tIIII
pol,{vlt.i,llfor hiflllIiffil-iotl[:yif:
(1) sol(,,.l,,~,,tc,,l,l !(,l Ili.:[1(1rl”fII~tivIIl,yf’or

lhl!(lMilllJ (1[1(,Inll)()%it. i()ll ‘lt,l?p dt t.[!nq)(!r,l -

turu!,nodr IUul) K.



.- (2) The back reaction between cadmium vaoor,. .
and oxygen is sufficiently slow. “

!(3) The low temperatufc reaction can be con-
.’.’ ductcd at a practical rate and the re-

sultant solid dots not adsorb or occlude
too much water.

Certainly, one should add that the decomposi-
tion step requires a temperature thnt will
prObablynOL be available soon from practical
solar process heat systems and that problems
of reactor mdterials for such high tempera-
tures may be very difficult. Vcvcrthcless,
the cadmium cycles appear to offer sufficient
promise to justify additional Development.

-.
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